Abstract. Two oil shale sequences in the Upper
Introduction
Sedimentary organic matter (OM) enrichment is controlled by several factors, including biological productivity, continental weathering, sedimentation rate, clay mineralogy, redox conditions, sea level change, and sedimentary environment [1] [2] [3] . However, the three primary mechanisms controlling OM enrichment are input, preservation and dilution of OM [4] [5] [6] . The input to OM is mainly controlled by primary productivity [7] [8] [9] , the preservation of OM is related to redox conditions and water salinity [10, 11] , whereas the dilution of OM is associated with detrital matter input [12, 13] .
The Songliao Basin has attracted widespread attention in recent years due to the development of oil shale sequences K 2 qn 1 , K 2 n 1 and K 2 n 2 in the Upper Cretaceous [14] [15] [16] [17] . Beside their commercial value, the sequences provide valuable information about OM enrichment. The Songliao Basin is the largest Cretaceous lacustrine rift basin located in NE China. The depositional environments in different basin regions are dissimilar, especially the northern and southern parts of the basin have been influenced by different sedimentary systems ( Fig. 1 ) [18] . Previous studies about the Upper Cretaceous oil shale sequences mainly focused on the southeastern part of (a) (b) Fig. 1 . Areal distribution of sedimentary facies within the Songliao Basin during deposition of (a) K 2 qn 1 and (b) K 2 n 2 (modified after [18] ).
the Songliao Basin [14] [15] [16] , whereas investigations about OM accumulation conditions in the basin's northern part are relatively few. In this study, the influencing factors such as bioproductivity, preservation and dilution of OM in K 2 qn 1 and K 2 n 2 oil shale sequences are discussed, based on the abundant bulk and inorganic geochemical data from two sampled core profiles located in the northern part of the Songliao Basin, in order to reveal the different enrichment mechanisms of two oil shale sequences and establish their OM enrichment model.
Regional geological setting
Based on the Mesozoic tectonic evolution, combined with the basement structure and caprock development characteristics, the Songliao Basin is divided into six first-order structural units as follows: the Northern Plunge, the Northeastern Uplift, the Southeastern Uplift, the Central Downwarp, the Western Slope and the Southwestern Uplift ( Fig. 2 ) [18] . The basin evolution can be subdivided into pre-rift doming, syn-rift subsidence, post-rift thermal subsidence, and structural inversion stages ( Fig. 3 ) [19] . The Songliao Basin contains clastic deposits of Jurassic to Cenozoic age, which are more than 10 km thick. The basin fill thins toward the basin margins and is dominated by Cretaceous terrigenous successions [18] . The Upper Cretaceous Qingshankou and Nenjiang Formations are the main hydrocarbon source rocks (Fig. 3) . Based on lithology, the Qingshankou Formation is subdivided into three members (K 2 qn 1 , K 2 qn 2 and K 2 qn 3) . The oil shale succession occurs in the lowermost Member 1 (K 2 qn 1 ). It developed during a period characterized by semi-deep to deep lake facies, the lake area being 8.7 × 10 4 km 2 ( Fig. 1a ) [18] . The sediments are composed of dark grey to grey/grey-black mudstone, grey-brown/brown oil shale ( Fig. 4c-d yellow-grey marl. According to lithology, the Nenjiang Formation is subdivided into five members (K 2 n 1 , K 2 n 2 , K 2 n 3 , K 2 n 4 and K 2 n 5 ). Near the base of Member 2 there developed a 7 m thick excellent oil shale. During the deposition of Member 2, a semi-deep to deep lake facies developed in the basin, covering an area of 20 × 10 4 km 2 (Fig. 1b) [18] . The sediments are composed of (dark) grey mudstone and dark grey/grey-black oil shale (Fig. 4e) .
Sampling and methods
Samples for the study were collected from wells ZY1 and LY1. Well ZY1 is located in the Central Downwarp Zone, the K 2 qn 1 samples were taken at a depth from 689 to 769.66 m. Well LY1 is located in the Northeastern Uplift Zone and the K 2 n 2 samples were taken at a depth from 30 to 204 m (Fig. 2) . Most of the samples were dark grey or grey-brown oil shale, or dark grey to grey mudstone. 38 samples from K 2 qn 1 and K 2 n 2 were subjected to elemental (C, S), Rock-Eval, major element oxides and trace elements analyses ( Fig. 4a-b) .
The elemental (C, S) and Rock-Eval analyses were carried out at the Key Laboratory for Oil Shale and Paragenetic Energy Minerals, Changchun, China. The total organic carbon (TOC) was measured by the Leco CS-230 instrument on samples pretreated with concentrated HCl. The total sulfur (S) contents were determined with the same instrument. Pyrolysis was carried out using the Rock-Eval 6 standard instrument. The Rock-Eval method estimates the amount of pyrolyzate (mg HC/g rock) that is released from kerogen during gradual heating in a He stream and normalized to the TOC content gives the hydrogen index (HI). The temperature of maximum generation (T max ) serves as a maturation indicator. The samples were analyzed for major element oxides and trace elements at the Beijing Research Institute of Uranium Geology, China, using a Philips PW2404 X-ray fluorescence (XRF) spectrometer and a high resolution inductively coupled plasma mass spectrometer (HR-ICP-MS; Thermo Scientific X-Series) and following the criteria of Chinese national standards GB/T 14506.28-93 and DZ/T 0223-2001, respectively.
Characteristics of organic matter and accumulation conditions

Bulk geochemistry
The total organic carbon (TOC) content in the K 2 qn 1 oil shale varies between 5.76 and 14.4 wt% (avg. 8.79 wt%), in mudstone from 1.04 to 3.67 wt% (avg. 2.56 wt%). All these values are higher than the respective figures in the K 2 n 2 oil shale (5.19-9.44 wt%, avg. 6.66) and mudstone (0.85-2.55 wt%, avg. 1.44 wt%) (Fig. 4, Table) . The Rock-Eval T max of oil shale and mudstone from both members is 429-452 °C, indicating that these rocks are immature to marginally mature (Fig. 4 , Table) [20] , which is equivalent to a vitrinite reflectance (Ro) of about 0.5% Ro [16] . 
Sediment provenance
During the period of accumulation of the Qingshankou and Nenjiang Formations in the Songliao Basin, the Al 2 O 3 /TiO 2 ratio was 20-36 and 20-27, respectively. This ratio is a useful indicator of sedimentary rocks origin, which implies a constant sediment source region from intermediate to felsic igneous rocks [21] . In addition, a good correlation between the contents of Al 2 O 3 and TiO 2 ( Fig. 5) indicates either the occurrence of titanium (Ti) within clay lattices or that the detrital material came from a constant source, suppressing the effect of winnowing processes [22] . 
Paleoclimate
The strontium (Sr)/copper (Cu) ratio is an important elemental indicator of paleoclimate reconstruction, generally Sr/Cu ratios between 1.3 and 5.0 suggest a warm-humid climate, whereas a ratio > 5.0 points to a hot-arid climate [23] . However, the concentrations of Sr and Cu have been influenced by the extent of the lake basin, offshore distance, and water depth [15] . But, generally, the high Sr/Cu ratio reflects the hot-arid paleoclimate, and the low Sr/Cu ratio implies the warm-humid paleoclimate.
According to Jia et al. [15] , a Sr/Cu ratio of 10.0 was taken as the boundary for the climate division of K 2 qn 1 . The Sr/Cu ratio within K 2 qn 1 varies between 3.13 and 13.04 (avg. 8.37) (Fig. 6, Table) , indicating a warm-humid paleoclimate. According to Huang et al. [24] , during the deposition of K 2 qn 1 , vegetation consisted of a coniferous and broadleaf mixed forest with some hassocks, pointing to a warm-humid southern subtropical paleoclimate. This interpretation is confirmed by oxygen isotope data [25] .
The Sr/Cu ratio within K 2 n 2 varies between 2.27 and 6.90 (avg. 4.54) (Fig. 7, Table) , suggesting a warm semi-humid paleoclimate. The type of vegetation was a coniferous forest with some hassocks, implying a warm semi-humid northern tropical paleoclimate [24] , which is also supported by oxygen isotope data [25] . 
Paleo-redox conditions
C-S-Fe relationships
Within K 2 qn 1 , the average TOC in oil shale and mudstone is 8.79 and 2.56 wt%, respectively, which are higher than the respective figures in K 2 n 2 , 6.66 and 1.44 wt%. Based on the systematic analysis of K 2 qn 1 and K 2 n 2 samples, there is a very low contribution from inorganic carbon (generally < 0.8 wt%) [14, 15] .
The total sulphur (TS) content in the K 2 qn 1 oil shale varies between 0.41 and 1.43 wt% (avg. 0.93 wt%), being close to that in the K 2 n 2 oil shale (0.43-1.42 wt%, avg. 0.94 wt%). At the same time, the TS content in the mudstone of K 2 qn 1 ranges from 0.50 to 1.60 wt% (avg. 0.87 wt%), which is much higher than the value in the K 2 n 2 mudstone (0.05-0.57 wt%, avg. 0.23 wt%) (Table) .
C-S crossplots have been used to differentiate oxic environments from euxinic. The sediments that accumulated under oxygenated conditions show a strong positive correlation between TOC and TS, and the trend line has a zero intercept. In contrast, the TOC vs TS plot of sediments formed in euxinic environments shows a nonzero sulphur intercept and may or may not reveal any correlation [26] .
The plots of TOC vs TS demonstrate that there are distinct differences between K 2 qn 1 and K 2 n 2 . For K 2 qn 1 , the corresponding plot shows no correlation (r 2 = 0.05) and a line fit through the data produces a positive intercept around 0.8 (Fig. 8a) . In contrast, this plot for K 2 n 2 illustrates a positive correlation (r 2 = 0.90) and an intercept that is close to zero (-0.03) (Fig. 8b) . It indicates that K 2 qn 1 may have accumulated under dysoxic or anoxic conditions, and K 2 n 2 may have formed under oxic conditions.
Degree of pyritization (DOP) is the ratio of pyritic iron to total reactive iron (pyritic iron plus HCl-soluble iron), which can reflect redox conditions that prevailed during sediment accumulation. DOP values lower than 0.42 imply oxic conditions, and values higher than 0.75 reflect conditions with no oxygen available (anoxic) and possibly with H 2 S available (euxinic). Values between 0.42 and 0.75 indicate dysoxic conditions [27] .
Dean and Arthur [28] and Arthur and Sageman [29] suggested that ternary C-S-Fe diagrams could be used to approximate DOP. On this ternary diagram, the samples accumulated under oxygenated conditions plot along a line equivalent to a S/C ratio of 0.4; samples in which all of the iron (Fe) is reactive and fixed as pyritic sulphur plot along the line having a S/Fe ratio of 1.15 (based on the stoichiometry of pyrite). The K 2 qn 1 and K 2 n 2 samples exhibit different C-S-Fe relationships ( Fig. 9a and 9b, respectively) . The oil shale and mudstone samples of K 2 qn 1 plot along a line that intersects the Fe-S axis at approximately 0.3 (i.e. 30% S and 70% Fe) and 0.25, respectively (Fig. 9a) . Thus, about 56% (or 0.3/0.54) and 46% of the iron is in pyrite, respectively. Based on these values, the DOPs of 0.56 (K 2 qn 1 oil shale) and 0.46 (K 2 qn 1 mudstone) are inferred, signifying the dysoxic environment, but the reducibility of oil shale is higher than that of mudstone.
(a) (b) Fig. 9 . C-S-Fe ternary diagrams of (a) K 2 qn 1 and (b) K 2 n 2 .
The K 2 n 2 oil shale samples plot along a line that intercepts the Fe-S axis around 0.28 ( Fig. 9b) , suggesting a DOP of approximately 0.52 that reflects dysoxic conditions. However, the K 2 n 2 mudstone samples do not plot along the line of a constant S/Fe and tend to cluster around the S/C = 0.4 line, reflecting marginally oxic conditions. One mudstone sample plots along the "oil shale" line, indicating partially dysoxic conditions.
Hydrogen index
The hydrogen index (HI = S 2 × 100/TOC) may reflect the type of redox conditions, generally a high HI points to reducing conditions, and a low value implies oxidizing conditions [30] . The high HI in oil shale and mudstone (avg. 699 and 637 mg HC/g TOC, respectively) argues for a strongly reducing environment during the deposition of K 2 qn 1 (Fig. 10, Table) . In contrast, the high HI value in oil shale (avg. 750 mg HC/g TOC) and the low one in mudstone (avg. 118 mg HC/g TOC) indicate at least limited oxygen availability during the sedimentation of K 2 n 2 ( Fig. 11, Table) . 
Trace and rare earth elements
The molybdenum enrichment factor (EF Mo/Al ) is defined as (Mo/Al)/ (Mo/Al) shale , the ratio in the denominator being representative for a "typical" shale, using data from [31] . A high EF Mo/Al reflects anoxic conditions, and a low EF Mo/Al points to oxic conditions [32, 33] . The average EF Mo/Al of oil shale and mudstone within K 2 qn 1 is 6.43 and 3.55, respectively (Fig. 10,  Table) , being higher than the corresponding figures in the K 2 n 2 oil shale (avg. 3.16) and mudstone (avg. 0.58) (Fig. 11, Table) .
Vanadium (V) is thought to occur in tetrapyrrole structures that are preserved preferentially under anoxic conditions. Chromium (Cr) is believed to be associated only with the detrital fraction, and is not influenced by redox conditions [34] . Thus, the low V/Cr ratio (0-2) indicates oxic conditions, the moderate ratio (2-4.25) implies dysoxic conditions, whereas the high ratio (> 4.25) points to anoxic conditions [34] . The V/Cr ratios in the K 2 qn 1 oil shale and mudstone are from 2.02 to 2.96 (avg. 2.35) and 1.97-2.78 (avg. 2.33), respectively (Fig. 10, Table) . However, the V/Cr ratios of K 2 n 2 oil shale (1.58-2.19, avg. 1.82) and mudstone (1.12-2.14, avg.1.56) are much lower (Fig. 11, Table) .
Cerium-anomaly (Ce-anomaly = log [2Ce n /(La n + Pr n )], the subscript "n" symbolizing the concentration normalized to chondrite) has been widely used to trace bottom water redox conditions. Generally, the high Ce-anomaly (> -0.10) indicates reducing conditions, whereas the low Ce-anomaly (< -0.10) points to oxidizing conditions [35] . The Ce-anomaly in the K 2 qn 1 oil shale (-0.081 to -0.145, avg. -0.016) is higher than that in mudstone (-0.073 to -0.034, avg. -0.049) (Fig. 10, Table) . However, the Ce-anomaly of K 2 n 2 oil shale (-0.067 to -0.035, avg. -0.055) is lower than that in mudstone (-0.064 to -0.017, avg. -0.023) (Fig. 11, Table) . It is possibly because in oxic conditions, Ce is less readily dissolved in water, so that oxic water is more depleted of Ce, whereas oxic sediments are more enriched in Ce [35] .
The contents of the above trace and rare earth elements reveal that during the deposition of K 2 qn 1 oil shale and mudstone, redox conditions prevailed, which is consistent with the proposition about the existence of dysoxic conditions. Whereas the K 2 n 2 sediments were accumulated in fluctuant redox conditions, oil shale in the lower part of the Songliao Basin deposited in dysoxic conditions and mudstone in its upper part formed in marginally oxic conditions.
Terrigenous detrital matter input
As there are no significant differences in sediment provenance between K 2 qn 1 and K 2 n 2 (see 4.2), titanium (Ti) can be generally associated with terrestrial detritus and coarser grained sediments in high energy environments, and aluminium (Al) is abundant mainly in clay minerals. Thus, a higher Ti/Al ratio reflects an increased input of detrital matter [14, 22, 36] .
The silicon (Si)/Al ratio has also been used as a proxy for detrital influx [8, 12] .
The Ti/Al and Si/Al ratios in the K 2 qn 1 oil shale (avg. 0.0412 and 3.13, respectively) are slightly higher than those in mudstone (avg. 0.0411 and 2.94, respectively) (Fig. 12, Table) . Within K 2 n 2 these ratios are relatively high, being somewhat higher in oil shale (avg. 0.0486 and 4.39, respectively) compared with mudstone (avg. 0.0485 and 3.38, respectively) (Fig. 13,  Table) .
The data show that the detrital input during the deposition of K 2 qn 1 was low, and during the deposition of K 2 n 2 moderate. However, the Ti/Al and Si/Al ratios in oil shale are slightly higher than those in the mudstone of both members. It implies that the relatively low detrital input minimizes the effect of organic matter (OM) dilution. Conversely, it may bring the nutrient (e.g. P, N) supply to aquatic organisms (e.g. algae), leading to an increased bioproductivity and promoting the enrichment of OM. 
Paleosalinity
Strontium (Sr) and barium (Ba) are elements with different geochemical behavior in various sedimentary environments. The Sr/Ba ratio is widely regarded as an empirical indicator of paleosalinity [37] . Generally, a low Sr/Ba ratio (< 0.5) reflects fresh water, a moderate Sr/Ba (0.5-1) indicates brackish water, and a high Sr/Ba ratio reflects saline water [37] . The calcium (Ca)/(Ca + Fe) ratio has also been used as an indicator of paleosalinity [38] .
The relatively high Sr/Ba (avg. 0.87) and Ca/(Ca+Fe) (avg. 0.43) ratios imply brackish water during the deposition of K 2 qn 1 (Fig. 14, Table) , while the low Sr/Ba (avg. 0.40) and Ca/(Ca + Fe) (avg. 0.21) reflect fresh water in K 2 n 2 (Fig. 15, Table) . 
Bioproductivity
As phosphorus (P) is the limiting nutrient in lakes, its content is linked to primary productivity [13] . Uranium (U) is less influenced by the "grain size effect" in the reducing conditions, so it can also be used as a proxy for primary productivity [39] .
The P (avg. 0.112%) and U (avg. 6.32 μg/g) contents in the K 2 qn 1 oil shale are higher than those in mudstone (P avg. 0.073%; U avg. 5.13 μg/g) (Fig. 16, Table) . In contrast, relatively low concentrations of P and U are present in the K 2 n 2 oil shale (P avg. 0.072%; U avg. 5.92 μg/g) and mudstone (P avg. 0.069%; U avg. 3 μg/g) (Fig. 17, Table) . It reflects the increased nutrient input, leading to an increased biological productivity. 
Origin of organic matter
Oil shale organic matter is subdivided into three types: type I OM (aquatic OM, such as algae), type II OM (mixed type) and type III OM (terrigenous OM, such as higher plants) [14, 15] . The HI vs Rock-Eval T max and S 2 vs TOC diagrams have been applied to determine the type of OM [40] . The HI vs oxygen index (OI) has not been used because of unreliable OI values.
Most of the K 2 qn 1 oil shale samples have type I kerogen, a few samples with type II kerogen may have been influenced by carbonate nodule or layers (Fig. 18a-b) . However, the result for mudstone is not representative due to the low number of samples studied (n = 8). According to a previous study with n = 64 [15] , the OM type of K 2 qn 1 mudstone samples is mainly II, a few samples having type I kerogen. This proves that aquatic organisms were the main primary producers of OM during the deposition of oil shale, whereas the mixture of aquatic and terrigenous OM was the dominant primary producer of mudstone.
It has been shown that there are distinctive differences in OM type between the oil shale and mudstone within K 2 n 2 . According to the plots of HI vs T max and S 2 vs TOC (Fig. 18c-d) , the oil shale samples have mainly type I kerogen, while most mudstone samples contain type III kerogen and a few have type II kerogen. It suggests that aquatic organisms were the major primary producers of OM during the accumulation of oil shale, whereas terrigenous plants mainly contributed to the OM of mudstone. 
Factors influencing organic matter enrichment
OM enrichment in sediments enhanced by bioproductivity, increased preservation of OM and decreased dilution by detrital minerals [4, 6] can be expressed by the following relation: OM enrichment = (production-destruction)/dilution. Generally, the ratio of OM to TOC is 1.22-1.33 [41] , therefore TOC can reveal the OM content in sediments.
Factors influencing bioproductivity
The warm-humid paleoclimate is beneficial for mineral nutrient supply and phytoplankton growth [4] , increasing bioproductivity. Based on the Sr/Cu ratio, K 2 qn 1 was deposited in a warm-humid paleoclimate, whereas the (c) (
paleoclimate became warm semi-humid during the deposition of K 2 n 2 . This interpretation is confirmed by sporo-pollen assemblages and oxygen isotope data [24, 25] . Thus, the higher OM content in K 2 qn 1 may be related to the highly warm-humid paleoclimate. Moreover, blooms of aquatic organisms can increase bioproductivity, during the period of lake level rises [15] . The P content in the K 2 qn 1 oil shale is slightly higher than that in the K 2 n 2 oil shale, which may be indicative of a higher eutrophicity of the lake during the deposition of K 2 qn 1 . Therefore, the increased lake eutrophication during the deposition of K 2 qn 1 may have been governed by the highly warm-humid paleoclimate.
Furthermore, the origin of OM affects bioproductivity [14] . The K 2 qn 1 and K 2 n 2 samples are immature to marginally mature, and with increasing HI, the OM type gradually transformed from III to I, i.e. from terrigenous OM to aquatic OM. The plot of TOC vs HI shows the K 2 qn 1 samples to lack the corresponding correlation (Fig. 19a) . In contrast, the TOC-HI plot for the K 2 n 2 samples illustrates a strong positive correlation (r 2 = 0.94) (Fig. 19b) . It indicates that OM enrichment within K 2 qn 1 was less influenced by its origin unlike K 2 n 2 , where OM origin governed its enrichment, while with the rising proportion of aquatic organisms, the OM abundance increased.
(a) (b) Fig. 19 . Plot of TOC vs HI of (a) K 2 qn 1 and (b) K 2 n 2 .
Factors influencing preservation conditions
The preservation of OM is a complex physical and chemical process, and multiple factors have been put forward as controlling factors of this process in sediments [3] .
According to the ratios of Sr/Ba and Ca/(Ca + Fe), the paleosalinity in K 2 qn 1 was brackish-saline and the lake water salinity stratification was strong, whereas K 2 n 2 was deposited in fresh-brackish water and had a weak water salinity stratification. The stable dysoxic conditions in K 2 qn 1 are revealed by C-S-Fe relationships, HI, V/Cr ratio, EF (Mo/Al) and Ce-anomaly. In contrast, fluctuant redox conditions prevailed during the deposition of K 2 n 2 , while in the lower part of the Songliao Basin (oil shale) the conditions were dysoxic and in its upper part (mudstone) marginally oxic.
The results demonstrate that the highly warm-humid paleoclimate related to lake level rises was responsible for the strong water salinity stratification and reducing conditions (dysoxic or anoxic). Another reason for the high water salinity within K 2 qn 1 could have been marine transgression events during the early deposition of the Qingshankou Formation [42] , which supposition is supported by the evidence of the presence of marine organisms (bivalve), fossil fish and foraminifera [43] [44] [45] .
In the diagrams of paleosalinity (Sr/Ba) vs paleo-redox conditions (V/Cr), the K 2 qn 1 samples reflect stable redox conditions and fluctuant water salinity (Fig. 20a) , while the water salinity of oil shale was generally higher. In contrast, fluctuant redox conditions and stable water salinity are revealed by the K 2 n 2 samples (Fig. 20b) , whereas oil shale mainly accumulated in highly reducing conditions (dysoxic). 
Factors influencing dilution
The input of detrital matter is not only responsible for the dilution of OM, but is also associated with the increased nutrient supply leading to blooms of aquatic organisms [6] . (Table) . K 2 qn 1 and K 2 n 2 were deposited during the major lacustrine transgression (Fig. 1) . Thus, the decrease of detrital matter input over time should have been expected. The observed Ti/Al and Si/Al trends in K 2 qn 1 agree with this assumption (Fig. 12) . However, the Ti/Al and Si/Al trends in K 2 n 2 do not support this supposition, the two ratios in the upper part of K 2 n 2 are slightly higher than those in its lower part (Fig. 13) . That may have been caused by the reduced lake area and the tectonic uplift of the eastern basin flank during the late deposition of K 2 n 2 , which promoted mineral matter input from the eastern provenance and resulted in detrital mineral matter input, including land plants, and dilution of OM.
Summary and conclusions
Two oil shale layers are present in the Upper Cretaceous Qingshankou and Nenjiang Formations of the Songliao Basin, NE China. According to bulk geochemical data, the K 2 qn 1 oil shale samples with high TOC contents (avg. 8.79 wt%) are dominated by type I kerogen (aquatic organisms), while the TOC contents of mudstone samples are low (avg. 2.56 wt%) and kerogen type is II (mixed type). At the same time, the K 2 n 2 oil shale samples with medium TOC contents (avg. 6.66 wt%) are also dominated by type I kerogen (aquatic organisms), while the TOC contents of mudstone samples are low (avg. 1.44 wt%) and kerogen type is III (terrigenous plants).
The Sr/Cu ratio indicates that K 2 qn 1 was deposited in a warm-humid paleoclimate, whereas the paleoclimate became warm semi-humid during the deposition of K 2 n 2 , which is confirmed by the sporo-pollen assemblages and oxygen isotope data. According to the C-S-Fe relationships, HI, EF (Mo/Al) , V/Cr, Ce-anomaly, and Sr/Ba and Ca/(Ca + Fe) ratios, strong water salinity stratification and dysoxic conditions were prevailing during the deposition of K 2 qn 1 oil shale. In contrast, the K 2 n 2 oil shale was deposited in weak water salinity stratification and partially oxic conditions. The high bioproductivity and low detrital matter input within K 2 qn 1 , and the medium bioproductivity and detrital matter input within K 2 n 2 are confirmed by Ti/Al and Si/Al ratios and P and U contents.
The comprehensive study of the bioproductivity, preservation and dilution of OM demonstrates that there are significant differences in OM enrichment models between K 2 qn 1 (Fig. 21a) and K 2 n 2 ( Fig. 21b) in the Songliao Basin. In summary, high bioproductivity and strong water salinity stratification were responsible for OM enrichment in K 2 qn 1 , whereas the origin of OM and dysoxic conditions were the major controlling factors of OM enrichment in K 2 n 2 .
